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Abstract 
In this thesis, Laser light scattering (LLS) was used to investigate the following 
polymers: (1) narrowly distributed, thermosensitive, non-ionic and water soluble 
poly(A^-vinylcaprolactam) (PVCa) chains and (2) emulsifier free polystyrene 
nanoparticles suspended in water. 
(1) Poly(A^-vinylcaprolactam) ,which is a non-ionic, thermosensitive, water-soluble 
and biocompatible polymer prepared from bulk polymerization of N-
vinylcaprolactam (VCa) followed by fractionation, was studied by both static and 
dynamic laser light scattering in water at 25。C. The weight average molar mass 
<Mvv>, second virial coefficient A2 and root mean square z-average radius of gyration 
<Rg>z'^ (or simply <Ro>) were obtained by static LLS. Whereas, the z-average 
translational diffusion coefficient <D> and average hydrodynamic radius <Rh> were 
obtained from the Laplace inversion of the precisely measured intensity-intensity 
time-averaged correlation function G�{t,q) in dynamic LLS. A method of combining 
the static and dynamic LLS results enable us to establish a scaling relationship of D 
(cmVsec) 二 7.93 x 10'' which can be used to convert the diffusion 
coefficient distribution G{D) to molar mass distribution/w(M). The <Ro>l<R\？^ ratio 
,the scaling constant and the positive A j value can demonstrated that water is a good 
solvent for PVCa at 25 °C. A novel method was developed to estimate the 0 -
temperature (〜29.5 °C) based on Eq. 2.2.4 by using DLLS. The lower critical 
solution temperature (LCST) was also determined (〜31.5。C). 
(2) Emulsifier free, narrowly distributed polystyrene (PS) nanoparticles with average 
hydrodynamic radius <i?h> ranged from 15 to 50 nm were synthesized by combining 
a mixed solvent method and microwave polymerization method. The synthesized 
polystyrene nanoparticles had good coagulation stability. A high concentration (〜45 
wt. %) and small size (〜20 nm) of (PS) nanoparticles can be obtained. Dynamic 
laser light scattering (DLLS) was used to characterize the particle sizes of the 
resulted nanoparticles. The effect of initial monomer Cmonomer and initiator 
concentration Cinitiator, their Fleet ratio, solvent composition, ionic strength were 
studied. A novel model of stabilization-and-destabilization effect of initiator was 
established which can qualitatively explain the initial monomer and initiator 
















©—溫度分別爲31.5 °C及29.5 T 。 
(2)結合了混合溶劑及新穎的微波輻射聚合方法’我們合成了流體力學 








I would like to express my sincere thanks to my supervisor Prof. W U Chi for 
his stimulative, valuable and helpful guide, advices and encouragement during my 
two years postgraduate studies and also for the preparation of this thesis. I have 
learnt a lot from him. Most importantly, my attitude towards working is also changed 
by him and I am confident while handling problems. 
I am also grateful to all members in our group for their sincere help in various 
way. I enjoy working and studying with them in these two years. They are Wang 
Xiaohui, Kwan Chi Man Simon, Jim Tsz Fung, Gan Zhihua, Woo Ka Fai, N iu 
Aizhen, Peng Shufu, Zhang Guang Zhao, Gao Yibing. I specially thanks to to Prof. 
Zhang Wenmin, Zhang Jianwen, Ngai To, and Bruce for their help during my 
postgraduate studies. 
I am also indebted to my family members for their strong support and 
encouragement during my two years studies. 
The financial support by the RGC (The Research Grants Council of the Hong Kong 
Government) Earmarked Grant is gratefully acknowledged. 
June, 1999 
LAU Chin Wa A N D Y 
Department of Chemistry 





Chinese Abstract i i 
Acknowledgement iv 
Contents 、 
Abbreviations v i i i 
List of Figures xiv 
List of Tables xvi i i 
Chapter 1 Introduction 1 
Chapter 2 Basic Principle of Laser Light Scattering and Instrumentation 7 
2.1 Static laser light scattering (Static LLS) 8 
2.2 Dynamic laser light scattering (Dynamic LLS) 9 
2.3 Calibration between translational diffusion coefficient D 
and molar mass M 10 
2.3.1 Tranform G(D) to Molar Mass Distribution/w(iW) 10 
2.3.2 Calibration between D mdM-Using a set of narrowly 
distributed standards. 12 
2.3.3 Calibration between D a n d M - Using two or more broadly 
distributed samples. 
2.4 Data Analysis 14 
2.5 References 
Chapter 3 Experimental 17 
3.1 Laser Light Scattering Instrumentation 17 
3.1.1 Overview of laser light scattering spectrometer 17 
iv 
3.1.2 Differential Refractometer 18 
3.2 References 21 
Chapter 4 Thermally Sensitive and Biocompatible Poly(N-vinylcaprolactam): 
Synthesis and Characterization of High Molar Mass Linear Chains 
4.1 Introduction 22 
4.2 Sample Preparation 23 
4.3 Results and discussion 24 
4.4 Conclusion 27 
4.5 References 29 
Chapter 5 Stabilization and destabilization of potassium persulfate (as an 
initiator) in an surfactant-free water/acetone mixture emulsion 
polymerization of styrene under microwave irradiation 
5.1 Introduction 41 
5.2 Experimental 43 
5.3 Results and discussion 44 
5.4 Conclusion 51 
5.5 References 53 
Appendix 
A. 1 Static Laser Light Scattering 66 
A. 1.1 Scattering from a small particles 66 
A. 1.2 Scattering from a large particles 67 
A. 1.3 Scattering by solutions of small molecules 69 
A.1.3.1 Scattering from polymer solutions 70 
A.2 Dynamic laser light scattering 71 





































 � - . - .
 : ; > -
 - -
 . v .
 . .












 : . . . . : . - : . :















. . . 」 >
 -





























































. . • . •






 、 ： . h ” 》 ！ 





























 一 々 ( / 对 







 • • • _



















 : : o ( - i . T 、 
� �





 - � . � - . |.-.圓 
>






 � � . , - � - 。 . 
: . : : . — —
 ‘
 、1 
； - r . T ,
 ...
 ’. .：
 - . - - . - -
 . . .
 " V . - n 















 I . - . . - “ 



































 . — —
 . .
 •/•:’-.—/-





























 , . , .、 .」 . .
 。 一 




































































 . . :
















 . . . • • -
 M


































































 — i 邊 





























A The measured baseline. (Ch.2.2 and A.2) 
AIBN Azobisisobutyronitrile 
Ai Second virial coefficient. 
Aj(t) Amplitude of scattered light from molecule j. 
b Independent varible. 
bo value of b when the free energy A is at a minimun. 
C Concentration of polymer solutions. 
(5C) 2 Mean square of the fluctuation of concentration. 
CA(t) Amplitude correlation function. 
CvjXt) Phase correlation function. 
Cd Empirical positive constant. 
Coo Characteristic ration. 
D Translational difilision coefficient 
dnIdC The specific refractive index increment. 
<D> z-average translational diffusion coefficient. 
EFL Emulsifier free polymer latex 
EFP Emulsifier free polymerization 
< Es|>" Time average of the electric field. 
Es, Es(t), E(t) Scattered electric field. 
fiM) Number distribution of molar mass. 
从M) Weight distribution of molar mass. 
f Particle size distribution 
vii 
f A dimensionless number depending the angular dependence of 
<D>. (Ch.2.2andA.2.2) 
f Molecular friction factor. (Ch.A.2) 
G^  1 )(t) First-order electric field time correlation function. 
(>i)(0) First-order electric field time correlation flinction with zero 
delay time (average intensity). 
Normalized first-order electric field time correlation flinction. 
Intensity-intensity time correlation flmction. 
G(D) Translational diffusion coefficient distribution. 
G(r) Normalized linewidth distribution. 
Gs(r,t) Intermediate structure factor. 
Mean square end-to-end distance. 
<h^o Mean square end-to-end distance at theta condition. 
<hVf Mean square end-to-end distance of a freely rotating chain. 
I Ionic strength (Eq. 5.3.1) 
/s Scattered intensity, 
/o Intensity of incident light. 
</s> or <I> Time average scattered intensity, 
〈/^ solution Time average scattered intensity of solution. 
Osoivent Time average scattered intensity of solvent. 
ki, ki, ki Positive constants (Eq. 5.3.1) 
km m*^、umulantofg(i)©. 
k ks-kp 
kp Unit vector along transmiting direction, 
ks Unit vector along scattering direction. 
viii 
k^ The difiusion second virial coefficient. 
k The Boltzmann constant. 
ko Calibration constant between D and M 
K Optical constant 
KPS Potassium persulfate 
LCST Lower critical solution temperature 
LLS Laser light scattering. 
lu Projection length of monomer unit. 
M M A methyl methacrylate 
M Molar mass for monodisperse. 
M\、 Weight-average molar mass. 
(Mv)caicd The calculated weight-average molar mass. 
Mo Monomer mass. q 
Mz z-average molar mass 
n Number of scattering points in a particle. (Ch.A. 1.2) 
n Solvent refractive index. (Ch.2.1) 
<n> A.verage number of photons counted in time At. 
An Refractive index increment. 
N Number of molecules in unit volume. (Ch.A. 1.3.1) 
N Number of correlation channels (Ch.A.2.1) 
Na Avogadro i 丨 s number, 
p Channel number 
PVCa Poly(7V-vinylcaprolatam) 
Pi Proportional constant. 
P(9) Particle scattering factor. 
ix 
r Distance from the scattering particle to the detector. 
rD Debye length 
rjj Position vector from point i to point j. 
Rg Radius of gyration. 
<Ra'>z or <Rg> Root mean square z-average radius of gyration. 
<Ro~>oz Root mean square z-average radius of gyration at theta 
condition. 
<Rj^ > z-average hydrodynamic radius. 
R^ The Rayleigh ratio at zero angle. 
The Rayleigh ratio with both vertically polarized incident light 
and scattered light. 
ARw The excess Rayleigh ratio. 
q Scattering vector. 
q Persistence length. 
S(co) Scattered optical spectrum 
t time, 
t delay time. 
At Channel width. 
T Absolute temperature. 
THF Tetrahydrofliran. 
u Polydispersity parameter 
VCa A^-vinylcaprolactam 
r Linewidth. 
coq Angular frequency of electric field. 
I^L Chemical potential. 
\ 
Second moment of G(r) 
(j) volume fraction. (Ch.A. 1.4) 
小 Rotation angle. (Ch.2.4.1) 
s Dielectric constant. 
(5 s) 2 Mean square of the fluctuation of dielectric constant, 
p Density. 
(5p)2 Mean square of the fluctuation of density, 
a Polarizability of an isotropic particle, 
a Percentage conversion of styrene (Fig. 5.3.2) 
CCD Calibration constant between D and M 
oco Calibration constant between Ra and M 
oco Polarizability of a scattering particle, 
(p Phase difference of scattered light wave. 
Aij Path difference of light scattered by two scattering points. 
人。 Wavelength of light in vacuum. 
3 The parameter depending on the coherence of the detection. 
(Ch.2.2) 
3 Isothermal compressibility. (Ch.A. 1.3.1) 
3 Variable governing the average of molar mass. (Ch.2.3) 
T] Solvent viscosity. 
Vs or \^s(t) Phase of scattered field, 
y Supplementary angle. 
Q Fraction of the internal volume accessible to the solute. 
(Ch.2.3) 
\ i 
a Conformation factor. (Ch.2.4.1) 
0 Scattering angle. 
01 180° minus the fixed bond angle. 
T Delay time 
• i 
xii 
List of Figures 
Number Description Page 
3.1.1 ALV-5000 laser light scattering spectrometer incoporated wi th 19 
differential refractometer 
4.3.1 Concentration dependence of the refractive index increment for 32 
PVCa in water at 7 = 2 5 °C and /L 二 532 nm. The value o f dn/dC 
=0.206 mL/g was derived from the slope of the line. 
4.3.2 Typical Z imm plot for PVCa in water at 25 °C, where C ranges 33 
from 9 X 10"' to 5x10-4 g/mL. 
4.3.3 Double logarithmic plot of the radius of gyration <Ro> versus the 34 
weight average molar mass M、、for PVCa in water at 25 °C. 
4.3.4 Typical normalized intensity-intensity time correlation function 35 
for the PVCal chains in water, where 0 = 15° and 
T 二 25 °C. The insert shows the line-width distribution G ( r ) 
calculated from the Laplace inversion of the correlation function. 
4.3.5 Translational diffusion coefficient distributions G{D) o f the four 36 
PVCa fractions in water at 25 °C. 
4.3.6 Double logarithmic plot of the average translational diffusion 37 
coefficient <D> versus the weight average molar mass Mw for 
PVCa in water at 25 °C. The solid line shows the least-square 
fitt ing of<Z)> 二 7.93 x 10'' while the dotted line 
represents the scaling D (cmVs) = 8.47 x 10'' mJ''^^ for 
monodisperse samples. 
xiii 
4.3.7 Differential weight distributions/、肩 of molar mass of the four 38 
PVCa fractions. 
4.3.8 Temperature dependence of both the average hydrodynamic 39 
radius <7^h> and the time averaged scattering intensity <I> for the 
PVCa chains in water. The dotted line marks the lower critical 
solution temperature. 
4.3.9 Temperature dependence of the average hydrodynamic radius 40 
for the PVCa chains in water at three different 
concentrations. The ©-temperature can be estimated from the 
temperature at which the concentration dependence of <Rh> 
starts to reverse its sign. 
4.3.10 Concentration dependence of the lower critical solution 41 
temperature (LCST) for the PVCa chains in water. This graph is 
basically a resemble of phase diagram for typical LCST polymer 
chains at the low concentration regime. 
5.2.1 Modified domestic microwave oven (Whirlpoor-VIP20) for 55 
emulsion polymerization of polymeric nanoparticles in water. 
5.2.2 A 250 mL four necks flasks assembled inside the microwave 56 
oven for the emulsifier free microwave emulsion polymerization. 
5.3.1 Typical hydrodynamic radius distribution 肌） o f the resultant 57 
nanoparticles prepared by surfactant-free emulsion 
copolymerization in a water/acetone (50/50 weight ratio) mixture 
under microwave irradiation. The inset shows the TEM 
micrograph of the nanoparticles. 
5.3.2 Solvent composition dependence of the conversion rate of 58 
\ i v 
styrene in the surfactant-free emulsion polymerization under 
microwave irradiation. 
5.3.3 Solvent composition dependence of the average hydrodynamic 59 
radius of the nanoparticles prepared by surfactant-free 
polymerization under microwave irradiation. 
5.3.4 Styrene concentration dependence of the average hydrodynamic 60 
radius <i^h> of the nanoparticles prepared by surfactant-free 
polymerization under microwave irradiation, where the KPS 
concentration (Ckps) and acetone content are fixed at 2.39 x lO'"" 
g/mL and 50 wt%, respectively. 
5.3.5 Initiator concentration dependence of the average hydrodynamic 61 
radius <i^h> of the resultant polystyrene nanoparticles, where 
both the styrene oncentration was kept at 1.60 x 10'^  g/mL and 
the acetone content was 50 wt%. 
5.3.6 Fleet ratio (妒styrene/妒kps) dependence of the average 62 
hydrodynamic radius <7^h> of the resultant polystyrene 
nanoparticles, which is a replot of Figures 4 and 5. 
5.3.7 Fleet ratio (J^styrene/妒kps) dependence of the average 63 
hydrodynamic radius <Rh> of the resultant polystyrene 
nanoparticles for three initial KPS concentrations where the 
curve AC corresponds to that in Figure 5.3.6. 
5.3.8 A replot showing the Fleet ratio (Wstyrene/WKPs) dependence of 64 
the average hydrodynamic radius <Rh> of the synthesized 
polystyrene nanoparticles via microwave irradiation. The symbol 
(+) and (0) represent the calculated, and the experimental 
xvii 
<R\飞〉lk\ values respectively. 
5.3.9 Fleet ratio (^ Fstyrene/^ ^KPs) dependence of the average 65 
hydrodynamic radius <R\-,> of the resultant polystyrene 
nanoparticles for two initial styrene concentrations, where the 
curves AB and AC correspond to those in Figure 5.3.6. 
5.3.10 A plot showing the effect of methyl methacrylate ( M M A ) 66 
content on the hydrodynamic radius <7^h> of the synthesized 
copolymer nanoparticles. 
w i 
List of Tables 
Number Description Page 
4.3.1 Summarization of laser light scattering results of poly(iV- 24 




Water-soluble polymers with properties, such as biocompatibility, functionality, 
non-toxicity, and sterilizability, are potential biomedical materials. Their applications 
include the implantation of artificial organs/tissues and drug delivery systems. 
Even though there is no definition for the term of biocompatilibity, it is generally 
used synonymously as non-toxicity. Generally speaking, biocompatibility can be 
divided into two major groups. They are mechanical biocompatibility (bulk) and 
interfacial biocompatibility (biological). The interfacial biocompatibl i ty can in turn 
be classified into two groups, these include non-stimulative and bioadhesive. In fact, 
the surface of all currently available biomaterials would stimulate the host biological 
system when biomaterials are being implanted into living body and their surfaces are 
directly in contact with the tissues. Consequently, biological responses such as cell 
adhesion on the surface of biomaterial would occur. It can be seen that the concept of 
biocompatibility involved many classification and so it is hard to summarize the 
concept in a few sentences. 
Basically, the interfacial biocompatibility of a given polymer can be increased by 
adjusting the structure of its surface, usually by grafting the polymer surface with 
other polymer chains. For examples, the friction between an implanted biomaterial 
and its surrounding tissues can be greatly reduced by grafting the polymer surface 
with water-soluble polymers. One example is the ethylene-vinyl acetate copolymer 
)3 
with its surface grafted with water-soluble poly(/V’7V-dimethylacrylamide).…〕Also, 
covalently grafting the surface of a biomaterial with non-ionic water-soluble 
polymers, e.g., poly(ethylene oxide), can significantly reduce the cell-adhesion on the 
polymer surface.2 Moreover, i f such biocompatible polymers respond to one or more 
1 
environmental changes，such as pH, temperature, electric field, ionic strength, the 
type of salt, solvent composition, stress, light and p r e s s u r e , t h e i r potential 
applications as biomedical materials, such as controlled releasing devices, 
molecular separation,丨。and artificial muscle," wi l l be much widened. 
Several acrylamide related polymers, such as poly(acrylamide), poly(A^-isopropyl-
acrylamide), and their copolymers, respond to environmental changes, but their 
biocompatibility is a problem. In contrast, since poly(A^-vinylcaprolactam) (PVCa) is 
not only non-ionic, water-soluble, and thermal sensitive, but also biocompatible*. 
Therefore, it has potential to be used as biomaterials. It contains hydrophilic 
carboxylic and amide groups with the following structure, 
— ( C H厂〒 H)n— 
/ — N 
Cr 
where the amide group is directly connected to the hydrophobic carbon-carbon 
backbone chain so that its hydrolysis wi l l not produce small amide compounds which 
are often bad for biomedical applications. PVCa was previously synthesized by both 
free-radical and radiochemical p o l y m e r i z a t i o n s . b u t no data on its solution 
properties have ever been published. Recently, PVCa gels have attracted much 
attention due to their non-ionic, water-soluble, thermal sensitive, and biocompatible 
nature.4，i4 ^ fundamental understanding of the PVCa gel is an essential step 
towards its potential applications, so in this thesis we were motivated to prepare and 
study linear PVCa chains in solution. We found that the high molar mass linear 
PVCa which has not been reported, in contrast to that of many other vinyl monomers, 
could be obtained by using a free-radical bulk polymerization. The details wi l l be 
described in chapter 4. 
Also included in this thesis is the studies of polymeric polystyrene nanoparticles 
synthesized by microwave irradiation. It can be seen that polymer colloids obtained 
by emulsion polymerization (EP) can be used in many fields of science and 
technology. For examples, they can be used as standards of calibration for light and 
electron microscopy, light scattering, measurement ultracentrifugation, size 
distribution of aerosol particles and low angle refraction of y-rays; identification of 
certain viruses, determination of filter and biological membrane porosity; stimulation 
of antibody production and purification; as models for studying rheological behavior, 
stability, flocculation and adsorption of colloids; and for investigating the mechanism 
and kinetics of latex f i lm formation. 
However, the use of traditional emulsion latexes poses several problems. First of 
all, the specific conditions for the production of latex particles must be determined 
before one can prepare a polymer latex with known particle size. Secondary, the 
synthesized polymer latexes prepared by traditional emulsion polymerization 
required complicated procedure in order to remove any remaining emulsifier added. 
For these reasons, much attention have been paid to the preparation of polymeric 
nanoparticles via emulsifier free polymerization (EFP). The polymer latexes prepared 
by EFP are characterized by a “clear，，surface and an improved physico-chemical, 
mechanical and adhesive properties. 
As a calibration standards for the instruments or detection methods, the 
emulsifier free nanoparticles must be monodispersed (or at least narrowly distributed) 
and with controlled particle size. In this case, a low concentration of latexes (up to 10 
wt.%) can be used. Whereas, a high polymer concentration (about 50%) and low 
concentrations of electrolytes and other water soluble substances is necessary for 
industrial purposes such as adhesive and coatings. 
J、 
However, the distribution of emulsifier free nanoparticles prepared by 
conventional heating is not narrow enough for the use as a calibration standards. In 
addition, the reproducibility of the EFL prepared by conventional heating is very low. 
On the other hand, the aggregative stability of the emulsifier free latexes (EFL) at 
high concentration is still a lasting technical problem. General speaking, the 
aggregative stability of FEL can be increased by: a) copolymerization with 
hydrophilic monomers and b) by addition of organic solvent such as methanol and 
acetone. In this thesis, we have used microwave radiation as the heating source to 
prepare EFL in a mixture of acetone and water (1:1 w/w). To our knowledge, the use 
of microwave radiation as the heating method for the preparation of EFL was 
initiated only recently eventhough it had been used in organic synthesis.'^ Compared 
with the EFL prepared from conventional heating, the EFL prepared from microwave 
irradiation is more narrowly distributed. In addition the concentration of the latexes 
can be increased by distilling out the acetone from the reaction mixture after the 
polymerization. The size of the EFL before and after the evaporation of acetone does 
not change and stable to aggregation. The details wi l l be described in chapter 5 of 
this thesis. 
This thesis has been arranged in the following order. Chapter 2 presents the basic 
theories of laser light scattering, polymer dynamics and data analysis. 
Chapter 3 describes the instrumentation of laser light scattering and differential 
refractometer. 
Chapter 4 summarize the LLS studies of four sets of fractionated Poly(yV-
vinylcaprolatam) (PVCa) synthesized from bulk polymerization of N-
vinylcaprolatam NCa at 50°C. 
Chapter 5 discusses the synthesis of Polystyrene nanoparticles by microwave 
J、 
irradiation and the its LLS characterization. 
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Chapter 2 
Basic Principle of Laser Light Scattering and Instrumentation 
The light scattering phenomenon can be seen widely in our everyday life. For 
example, the blue color of the sky is the result of scattering of blue light over other 
colored light by ozone layer in the atmosphere. Also, the color of mi lk is resulted 
from the scattering of all colored light by protein molecules in solution. Another 
example is that the appearence color of water color paint depends on the size of 
pigment particles dissolved in water. Since particle size can affects the extent of 
scattering of different color light. Furthermore, the blue color of sea is likewise the 
result of scattering of blue light by water molecules. These are all examples of static 
light scattering since the time averaged intensity of scattered light is observed. 
When a monochromatic, coherent light is incident into a dilute 
macromolecule solution, i f solvent molecules and macromolecules have different 
refractive index, then the incident light is scattered by each illuminated 
macromolecule to all directions. I f all macromolecules are stationary, the scattered 
light intensity at each scattering angle would be a constant, i.e. independent of time. 
However, since all macromolecules are undergoing constant Brownian motion in 
solution. Therefore, the scattering intensity wi l l fluctuate. And the rate of fluctuation 
of scattering intensity depends on the rate of translational diffusion of the 
macromolecules.[i] Often, the scattering intensity can be measured in two ways. For 
static laser light scattering, the angular dependence of the time-averaged scattering 
intensity is measured. Whereas, for dynamic laser light scattering, the fluctuation of 
scattering intensity is measured in time domain. Both the static nad dynamic laser 
light scattering has been widely used in the field of polymer science. Static laser light 
scattering can be used to investigate the static properties of polymer in solution, such 
7 
as molar mass, radius of gyration and conformation. Whereas, dynamic laser light 
scattering can be used to study the dynamics of polymer chains in solution such as 
the translational and rotational diffusion processes and also the internal motions of a 
polymer chain. The detailed theories of both static and dynamic laser light scattering 
w i l l be discussed in appendix. 
In addition, by combining the results of both the static and dynamic laser light 
scattering, both the molar mass distribution and polymer chain conformation of a 
polymer solution can also be obtained, which w i l l be discussed in section 2.3. 
2.1 Static laser light scattering (Static LLS) 
In static LLS, the angular dependence of the excess absolute time-averaged 
scattered intensity, known as the excess Rayeigh ratio, R、、{q), was measured. For a 
dilute polymer solution measured at a small scattering angle (0), R、人q) can be related 
to the weight-average molar mass Mw, the second virial coefficient and the root-
mean-square z-average radius of gyration <R各:〉严 as[i，2] 
= (2.1.1) 
K M ) MS 3 、 " : ” 2 
where K 二 “、dn/dC)\NpjC、and q 二 {Ajm!Xo>m{ei2) w i t h A^a, dn/dC, n, and ^ 
being Avogadro's number, the specific refractive index increment, the solvent 
refractive index，and the wavelength of light in vacuum, respectively; M ^ is the 
weight average molar mass; A2 is the second-order virial coefficient; and <Rg >z (or 
written as <Ro>) is the root-mean-square z-average radius of gyration. By measuring 
Ryy(q) at a set of C and q, we can determine Mv, <Rg>, and A2 from a Z imm plot 
which incorporates both the extrapolation of q-^0 and C->0 on a single grid. 
Experimentally, the excess Rayleigh ratio is determined by measuring the 
scattering intensity of a standard such as toluene and then calculated based on 
J、 
equation (2.1.2) as[丨] 
⑷ ： < i > - 7 — 〈 i 〉 - _ K ” — m - ^ r (2.1.2) 
< i ^standard ^standard 
where < / > and ^ denoting the time-averaged scattering intensity and the refractive 
index, respectively, and a is a constant (1 < a < 2) depending on the detection 
geometry. I f the scattering volume is selected by a slit, a = I, and i f the scattering 
volume is selected by a pinhole much smaller than the beam diameter, a 
2.2 Dynamic laser light scattering (Dynamic LLS) 
In Dynamic LLS, a precise intensity-intensity time correlation function 
in the self-beating mode was measured. is related to the normalized 
first-order electric field time correlation function g ⑴ a s [ i ， 
G(2)(t’ q) 二 <I(t, q)I(0’ q)> - (t, q)f] (2.2.1) 
where A is sl measured base line; y^is a parameter depending on the coherence of the 
detection; and t is the delay time. For a polydisperse sample, g⑴(/^) is related to the 
line-width distribution G{T) by[3] 
CO 
g⑴(t, q) 二 <E(t，qJE^O, q)> - \G{T)e-"dr (222) 
0 
The Laplace inversion program CONTIN was used normally to convert \t,q) to 
G(r). The line width T usually depends on both C and a^s[4，5] 
r/q^ = D(1 + kdQ(l (2.2.3) 
where D is the translational diffusion coefficient;/is a dimensionless number; and k^ 
is the diffusion second virial coefficient. The value of f depends on the chain 
structure, polydisperity and solvent quality. D, / and h can be obtained from the 
plots of 0’知0, (r/^^)c->o vs. and vs. C, respectively. In this case, 
both thermodynamic and hydrodynamic interactions contribute to kd, which can be 
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further expressed as[6] 
h 二 2而Mv - CiyVAi^h^Mw (2.2.4) 
where Co is an empirical positive constant. 
At C->0 and (9->0, Ylq^ can be further simplified to[7] 
Tlq^-^D (2.2.5) 
In a dilute polymer solution, i f in the absence of both the rotational and internal 
motion, then G (r) can be further converted to the translational diffusion coefficeint 
distribution G{D) and also the hydrodynamic radius distribution/(T^h) based on the 
equation (2.2.5) and the Stokes-Einstein equation as[7] 
i^ h = hTiewr iD (2.2.6) 
with kB, T, and rj being the Boltzmann constant, the absolute temperature, and the 
solvent viscosity, respectively. A l l the parameter in equation (2.2.6) are known. 
Therefore the particle sizing of polymer chains is an absolute method without 
calibration. 
2.3 Calibration between translational diffusion coefficient D and 
molar mass M 
Both the static and dynamic laser light scattering play a very important role in 
the characterization of polymer chains. The weight averaged molar mass <M^> and 
the radius of gyration <Ro> can be determined from the static laser light scattering; 
whereas, the hydrodynamic radius distribution <R\,> and the polydispersity index 
Mz/Mw (to be discussed in section A.2.2) can also be measured by dynamic laser light 
scattering. Apart from these, the combining of both the static and dynamic laser light 
scattering results not only enable us to find the molar mass distribution M M ) of a 
polymer sample, but also to get the polymer chain conformation in solution. 
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2.3.1 Transform G{D) to Molar Mass Distribution/w(M) 
It has long been theoretically predicted and experimentally proven that the 
translational diffusion coefficient D and be related to the molar mass according to the 
scaling relationship as[8] 
D = (2.3.1) 
where ko and a^ are two scaling constants. The conformation o f polymer chains can 
be seen from the value of a^P^ For a flexible polymer chain, 0.5<aD<0.6 in a good 
solvent whereas a^ 二 0.5 for polymer chain in a Flory © solvent. According to the 
definition, in dynamic LLS, 
CO 
。=〈邵)五*(0)〉BO二 \ G { r ) d r oc < / > (2.3.2) 
0 
where <I> ( = </>soiution - </>soivent) is the net average scattering intensity. On the other 
hand, in static LLS, when C-^0 , and q—0, 
00 
Rvv(^->0) oc</> oc Mv oc \ f \ A M ) M d M (2.3.3) 
0 
where/w(M) is a differential weight distribution. A comparison of Eqs. (2.3.2) and 
(2.3.3) leads to 
00 CO 
'GindFoc \f^{M)MdM (2.3.4) 
J • 
0 0 
where G ( r ) oc G(D) and dT oz dD because F 二 Dq\ Therefore, Eq. (2.3.4) can be 
rewritten as 
CO CO 
'G{D) — dMoc \f^{M)MdM (2.3.5) 
0 dM i 
On the basis of Eq. (2.3.1), Eq. (2.3.5) can be rewritten as 
MM) oc ^ ^ X (2.3.6) 
M dM 
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where all proportional constants have been omitted because they are irrelevant to a 
given distribution. According to Eqs. (2.3.1) and (2.3.6), the values of fe and ao are 
needed to transform D to M and G{D) to/wO/).[⑴] 
It should be emphasized that the molar mass distribution obtained in this way 
wi l l be an estimate of the real molar mass distribution because dynamic laser light 
scattering is not a fractionation method and the Laplace inversion is not unique 
especially when the noise level in the measured time correlation function is high. 
Even with a number of recently developed excellent Laplace inversion programs, this 
is still an experimental problem, not a mathematical one. This is why it is crucially 
important to get a clean (“dust-free”) solution to ensure that the relative difference 
between the measured and calculated baselines is no more than 0.1%. 
2.3.2 Calibration between D and M - Using a set of narrowly 
distributed standards. 
The most straightforward calibration method would be to measure both D and 
M of a set of monodisperse samples with different molecular weights. However, the 
monodisperse samples have to be replaced by a set of narrowly distributed standards 
made either directly from special polymerization methods or indirectly from the 
fractionation of a broadly distributed sample. However, it should be noted that only a 
few kinds of polymers, e.g. polystyrene and poly(methyl methylacrylate), can be 
directly made with a narrow molecular weight distribution (JvfJMn 〜1.1). On the 
other hand, the fractionation is a very time consuming method, i f not impossible. 
Thus, the application of this straightforward method is very limited in practice. 
Therefore, special analytical methods have to be developed to calibrate or scale the 
translational diffusion coefficient D and molar mass M from broadly distributed 
samples. 
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2.3.3 Calibration between D and M - Using two or more broadly 
distributed samples. 
In reality, there are often two or more broadly distributed samples with different 
molecular weights. It has been shown that a combination of static and dynamic LLS 
can establish a calibration between D and M from two or more broadly distributed 
samples. The principle is outlined as follows. According to the definition of M w and 
on the basis of Eqs. (2.3.1) and (2.3.6), we have 
00 CO 
•F丄MWdM \G{D) dD 
Mdls丨 ^  = ^ 二 ——° 二 5 (2.3.7) 
w , ca lcd 00 00 CO \ z 
.F丄M) dM 
J J J 
0 0 0 
where the normalization condition dD = 1 has been used. On the basis of Eq. 
(2.3.7), for two samples 1 and 2, 
(Mw’—d)i 二 「 G ) d D \ / 「 r G, (Z))Di 〜 d D \ (2.3.8) (A/DLS n 山 2、 乂 / -
I 彻 w ， c a l c " 2 L 」 ， L 」 
For a given polymer sample, M二[二。」calculated on the basis of G{D) from dynamic 
LLS should equal to Mw, measd measured directly from static LLS. It is expected that a 
proper choice of ao should lead to a minimum difference between [(Mw，i)丨 
(Mw,2)]caicd and [(Mw,i) / (Mw,2)]measd, which is actually done by iterating ^d in a 
computer program. In general, for N samples, an error function can be defined as 
r -I? 
N A/f M 
E R R O R (你 ) = X 一 (2.3.9) 
/= 1 ,7 = 1 _ " ^ v v , measd, / ^ ^ c a l c d , 7 _ 
After finding a proper value of ^d, fe can be calculated on the basis of Eq. (2.3.6) 
with another error function defined as 
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r n) N fuf — A/f 
ERROR(fc) = Z ’ c - ’ ' — — ^ ^ ^ ^ (2.3.10) 
/=1 M y j , measd, i — 
For each ao, there exists a well-defined minimum in ERROR(众d), while for different 
aD. there also exists an overall minimum. With this pair of ^d and fo, the 
characterization of the molecular weight distributions of a set of polymer samples can 
be accomplished. 
2.4 Data Analysis 
As we have mentioned in section 2.2, the transformation of the measured intensity-
intensity time correlation function G ⑵ t o the line-width distribution G ( r ) can be 
done by the Laplace inversion program CONTIN. This program has been widely 
applied in DLS studies wi th excellent results for DLS data having low noise. The 
program contains safeguarding constraints to avoid the ill-posed nature of the 
inversion. A n early method of analysis was based on a cumulant expansion["，‘二] o f 
the correlation function 
= + (2.4.1) 
00 一 ^ m 二 i + I X ( r ) � 
im 
where km = (一” " ⑴(0| is the 111出 cumulant o f g⑴(r) and L dt �,=o 
=〔（r 一 f ) ' G(r) dr • Eq. (2.4.1) may be fitted by a least squares routine to the 
correlation function and values for 1^ 2, …obtained. The average width 
f 二 J ^ f G ( r ) d r is the mean relaxation time. The variance is 1^2/F^, where |i2 二 
" ( r - f ) 2 G ( r ) ( i r . For low q, qR < \ and Y = Dq-, where Z) is a z-average 
Jo 
J、 
translational diffusion coefficient. 
The variance (or relative distribution width) \i2IT measured from the dynamic LLS 
can also provide an estimation of the distribution width of the polymer samples being 
measured. It can be related to the polydispersity index Mz/Mw by the following 
• ri3i 
equation^ . 
+ / f ' (2.4.2) 
where Mz and |,L2 being the z-average molar mass and the second moment of G(r) . 
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3.1 Laser Light Scattering Instrumentation 
3.1.1 Overview of laser light scattering spectrometer 
A modified commercial laser light scattering spectrometer (ALV/SP-125) 
equipped with an ALV-5000 mult i - i digital time correlator and an solid state laser 
(ADLAS DRY 425II, output power « 400 mW at ；1。= 532.8 nm) for the 
characterization of synthesized polyvinylcaprolactam (PVCa) and polystyrene 
nanoparticles. An Helium-neon laser is also equipped in our spectrometer (Spectra-
Physics 127, operated at a wavelength of 632.8 nm and output power ^ 25 mW). The 
details of the laser light scattering spectmeter used in our laboratory is shown in 
Figure 3.1.1. Both the static and dynamic laser light scattering measurement can be 
performed by this spectrometer. The laser beam emitted is vertically polarized (i.e. 
the direction of polarization is perpendicular to the optics table). A compensated 
beam attenuator (Newport M925B) is used to regulate the intensity of the laser beam 
before it was directed to the light scattering ciirvette so as to avoid any possible 
localized heating. The sample curvette charged with clarified (or dust-free) polymer 
sample solution was immersed into the refractive index matching vat (outside 
diameter of 100 mm) fil led with clarified toluene which temperature is strictly 
controlled by a refrighted bath/circulator (NESLAB RTE-210). It should be 
mentioned that the refractive index of toluene is close to that of sample curvette glass 
so that both the surface scattering and the curvature of the scattering curvette can be 
reduced. The intensity of the incident beam is measured by a monitor diode whereas 
the scattered light from the sample solution is measured by a THORN EMI 
J、 
photomultiplier tube. 
3.1.2 Differential Refractometer 
The specific refractive index increment [dn/dC) is an important parameter in 
the static laser light scattering measurement and must be measured accurately before 
the weight averaged molar mass <Mv> and the radius of gyration <Ro> for a given 
polymer sample are obtained from the static LLS. According to the definition of K 
and the basic equation for static LLS shown in section 2.1, Eq. (2.1.1), an error of 
E% in the dn/dC value wi l l lead to an error of in the derived <M^>. 
In our laboratory, the dnIdC value of a polymer solution is measured by a 
novel differential refractometer designed by Wu et “ / . ⑴ . T h e details of this 
refractometer is shown in Figure 3.1.1. In this refractometer, a small pinhole with a 
diameter of 400 jum is illuminated with a laser light beam. The illminated pinhole is 
then imaged to a 6 mm position-senitive detector (Hamamatsu S3932) by a len 
located in equal distance between the pinhole and the detector. The distance between 
the detector and the pinhole is four times the focal length { f = 10 cm) of the lens, i.e., 
a (2 / - 2f) optical design have been used instead of a conventional (1/) design (Figure 
3.1.2) where a parallel incident light beam is used, and the distance between the 
detector and lens is only one focal length. This (2/'- 2f) design is optically equivalent 
to placing the detector directly behind the pinhole, so that the laser beam drift is 
eliminated. A refractometer curvette (Hellma 590.049-QS, with 60。partition to two 
chambers) is placed just in front of the lens. The pinhole, the curvette, the lens, and 
the detector are rigidly mounted on a small optical rail. The refractometer has 
dimensions of only 40 cm in length, 15 cm in width, and 10 cm in height. The output 
voltage of the detector is proportional to the displacement of the light spot from the 





































































































































































































































































































































































































solution and the solvent. The resolution of the position senitive detector is 0.2 jam 
which corresponds to resolution of 10'^ in the refractive index measurement. It 
should be mentioned that the refractometer is incorporated into the laser light 
scattering spectometer, in which both the spectometer and the refractometer share the 
same laser light source. Consequently, the problem of wavelength correction can be 
eliminated. 
In comparison with a conventional differential refractometer where a 
micrometer is normally used to read the beam displacement, the use of the position-
senitive detector together with the data acquisition system (a 16-bit analog-to-digital 
data acquisition card (National Instrument)) not only increases the accuracy of 
measured, but also makes a large amount of measurements possible and easier. 
The temperature of the curvette was precisely controlled by YSI proportional 
temperature controller (Model 72). 
For each measurement, the reading of the position-sensitive detector was set 
to zero by f i l l ing both sides of the curvette chambers with pure solvent. Then the 
polymer sample solution was fil led into the solution chamber, and then the difference 
in the refractive index (Aw) between the solution and solvent was recorded. After 
each measurement, both sides of the curvette was filled with solvent to check the 
zero point. The value of dnldC was obtained from the slope of the graph of A/? 
against the concentration of the polymer sample solution. 
J、 
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Chapter 4 
Thermally sensitive and biocompatible poly(N-vinylcaprolactam): 
Synthesis and characterization of high molar mass linear chains 
4.1 Introduction 
Water-soluble polymers with properties, such as biocompatibility, functionality, 
non-toxicity, and sterilizability, are potential biomedical materials. Their applications 
include the implantation of artificial organs/tissues and drug delivery systems. 
Friction between an implanted biomaterial and its surrounding tissues can be greatly 
reduced by grafting the polymer surface with water-soluble polymers. One example 
is the ethylene-vinyl acetate copolymer with its surface grafted with water-soluble 
poly(7V;7V-dimethylacrylamide).2’3 Also, covalently grafting the surface of a 
biomaterial with non-ionic water-soluble polymers, e.g., poly(ethylene oxide), can 
significantly reduce the cell-adhesion on the polymer surface.� Moreover, i f such 
biocompatible polymers respond to one or more environmental changes, such as pH, 
temperature, electric field, ionic strength, the type of salt, solvent composition, stress, 
light and p ressure , the i r potential applications as biomedical materials, such as 
controlled releasing devices,斗力 molecular separation,and artificial muscle,！】will be 
much widened. 
Several acrylamide related polymers, such as poly (aery lamide), poly(A^-isopropyl-
acrylamide), and their copolymers, respond to environmental changes, but their 
biocompatibility is a problem. In contrast, poly(yV-vinylcaprolactam) (PVCa) is not 
only non-ionic, water-soluble, and thermal sensitive, but also biocompatible. It 
contains hydrophilic carboxylic and amide groups with the following structure, 
J、 
— ( C H 2 - C H ) n -
/ — N 
Cr 
where the amide group is directly connected to the hydrophobic carbon-carbon 
backbone chain so that its hydrolysis wi l l not produce small amide compounds which 
are often bad for biomedical applications. PVCa was previously synthesized by both 
1 1 
free-radical and radiochemical polymerizations. 〕，but no data on its solution 
properties have ever been published. Recently, PVCa gels have attracted much 
attention due to their non-ionic, water-soluble, thermal sensitive, and biocompatible 
nature.4’i4 ^ ^ ^^ essential step towards a fundamental understanding of the PVCa gel 
and its potential applications, we were motivated to prepare and study linear PVCa 
chains in solution. We found that the high molar mass linear PVCa which has not 
been reported, in contrast to that of many other vinyl monomers, could be obtained 
by using a free-radical bulk polymerization. 
4.2 Sample Preparation 
A^-vinylcaprolactam (VCa, courtesy of BASF) was purified by a triple melt 
recrystallization at room temperature. yV-vinylcaprolactam is easily oxidized into a 
brown-yellowish compound. Therefore, the purified VCa monomer should be stored 
under nitrogen at 0。C before polymerization. Azobisiso-butyronitrile (AIBN, 
purchased from ACROS Organics) was purified by crystallization in methanol and 
dried in vacuum. A.R.-grade tetrahydrofiiran (THF) and ；i-hexane also from ACROS 
Organics were used without further purification. 
A^-vinylcaprolactam monomer was molten at 40 °C and degassed through a three-
cycle freezing-and-thawing process. 0.5 mol% of AIBN was then added to start the 
23 
polymerization at 60。C under a positive nitrogen pressure for 2 hr. The resultant 
PVCa was fractionated in a THF//7-hexane mixture with ^-hexane as precipitant. 
Four PVCa fractions were obtained and labelled as PVCal, PVCa2, PVCa3, and 
PVCa4 hereafter according to their precipitation order. A l l the fractions were dried in 
vacuum. 
The PVCa solutions used in these studies were made by a successive dilution of a 
stock solution which was prepared by dissolving a desired amount of PVCa into 
freshly distilled deionized water with a resistivity of 18.2 MQcm. The stock solution 
was allowed to stand at room temperature for at least 2 days to ensure a complete 
dissolution of PVCa in water before the dilution. A l l the PVCa solutions for light 
scattering were clarified at ambient temperature with 0.5 |am Mill ipore PTFE filter 
to remove dust. 
4.3 Results and discussion 
Figure 4.3.1 shows a typical plot of the refractive index increment (An) versus C 
for PVCa in water at r = 25。C, where the line shows a least-square fitt ing of A/?=-
4.24 X 10—6 + 2.06 X lO'^C = 2.06 x 10"'C, i.e.. dn/dC = 0.206 mL/g, demonstrating 
that the value of dn/dC used in this study has a high precision. Using the differential 
refractometer and the known dn/dC value, we can check the PVCa concentration 
after the clarification before the LLS experiments. 
Figure 4.3.2 shows a typical Zimm plot of PVCa in water at 25 °C. On the basis 
of Eq. (2.1.1), the extrapolation of IXCV凡,.((/)]c~—o’ " o lead to M、、, the slopes of 
“|XC/7^vv(⑷]c—0 vs qi，’ and [KC ( 的 ] v s C ’’ led to <Ro> and Ai, respectively. 
A l l the static LLS results are listed in Table 4.3.1. The positive values of Ai indicate 



































































































































































































































































decreases, which is typical for flexible polymer chains in good solvent. 
Figure 4.3.3 shows a plot of log <Ro> versus log Mv for the four PVCa fractions 
in water at 25。C, where the line shows a least square fitting of <Ro> = <L> 
with < L > = 2.94 X 10'- and = 0.54 士 0.01. The symbol ‘‘<〉，，is used because 
<ko> and <ao> were obtained from the average radius of gyration {<Ro>) and the 
weight average molar mass (Mw). The value of <«„> 二 0.54 土 0.01 also indicates that 
water at 25 °C is a good solvent for PVCa. 
Figure 4.3.4 shows a typical measured normalized intensity-intensity time 
correlation function [g^^^(t,q)-A]/A for PVCal in water, where C 二 1.517 x lO'^ g/mL, 
Q = 15。，r 二 25。C. The insert shows the line-width distribution G(r) calculated 
from the Laplace inversion of [g^'^^(t,q)-A]/A on the basis of Eqs 2.2.1 and 2.2.2. 
Only one peak in G(r) was observed, which is attributed to the translational diffusion 
of individual PVCa chains. The relative distribution width jUiJO"- of the four PVCa 
fractions ranges from 0.02 to 0.08，indicating that they are narrowly distributed 
because //2/<r>^ can be related to the polydispersity index AZ/Mw by Mz/Mw 三 1 + 
4/i2/<r〉2 with Mz and jd: being the z-average molar mass and the second moment of 
Figure 4.3.5 shows normalized translational diffusion coefficient distributions 
GiP) of the four PVCa fractions in water at 25 °C, calculated from the corresponding 
G(r). The monomodal G(D) and relatively fast diffusion indicate that there is no 
interchain aggregation in water at 25 °C, or in other words, water at 25 °C is a good 
solvent for PVCa. It should be stated that「is only slightly dependent on q and C in 
the scattering angle and concentration ranges studied. G{D) can be further converted 
to a molar mass distribution人(M) by D = k丨)M i f we have ko and ao-
J、 
Figure 4.3.6 shows a plot of log <D> versus log for PVCa in water at 25 
Similar to the scaling between <Ro> and <.U、、〉. we ha\e <D> 二 <k^> ,V/、,-<〜> with 
二 7.93 X 1 a n d <cf[>> = -0.505. Again, ihe symbol *.<〉，• is used because 
<ko> and were obtained from the z-a\erage ditTiision coefficient (<D>) and the 
weight average molar mass (]/、、)• Strictly speaking, we need a scaling D 二 人'".\/丨丨一“ 
for monodisperse samples. The dotted line in 1-igiire 4.3.6 shows such a scaling with 
人 = 8 . 4 7 X 1 0 " ' and ap = 0 . 5 0 3 . which was calculated by a method of combining 
G(D) and It shows that a!) == <a[)〉and <"!)〉is only slightly smaller than 人'[). 
is because all the four PVCa tractions arc iiaiTOwly distributed. Table 4.3.1 
summarizes all the dynamic LLS results. The「alio o^<R^>l<R\,> is directly related to 
the chain conformation, e.g., <R^R\、〉〜0.78 for a uniform sphere; > 2 for a rigid 
rod; and 〜1.5 for flexible chains in good soh eni. The values of <R^>/<R\,> in Table 
4.3.1 are in the range 1.45-1.72. indicating thai the PVCa chains are flexible and have 
a coil conformation in water at 25 °C. 
Figure 4.3.7 shows differential weight distributions/:,.(>/) of molar mass of the 
tour PVCa tractions, where each /:,(A/) was calculated from its corresponding 
translational diffusion coefficient distribution G{D). It shows that a combination of 
tree-radical polymerization of .V-vinylcaprolaciam in bulk and the fractionation can 
yield narrowly distributed high molar mass PVCa samples, while free-radical 
polymerization of .V-vinylcaprolactam in benzene could only result in PVCa with a 
molar mass in the range 〜10、10-、g moL one order of magnitude smaller. 
Fisure 4.3.8 shows the temperature dependence of the average hy drod》n 3.m 
radius </^h> and the scattering intensity <I> of the PVCa chains in water. It clearly 
shows that before the temperature reaches -31 <Rh> decreases as the solution 
temperature increases, while <I> is nearly independent on the temperature, indicating 
26 
that there is no interchain aggregation, but only the intrachain contraction. The 
temperature at which both <Ru> and <I> start to increase, i.e., individual PVCa 
chains start to aggregate, is defined as the lower critical solution temperature (LCST) 
which is close to the shrinking temperature of the PVCa hydrogel (〜31.5 °C) 
4 
determined by Mikheeva, et. al: 
Figure 4.3.9 shows the temperature dependence of <R\,> for three PVCa solutions 
with different concentrations. When T < 〜29.5 <i^h> decreases as C increases; 
while when T > 〜29.5。C, <Rh> increases as C increases. We know that in a good 
solvent, D increases as C increases because the thermodynamical interaction term 
(related to A2) is positive, so that Rh decreases as C increases. On the other hand, D 
decreases as C increases in a poor solvent because both the thermodynamic and 
hydrodynamic terms are negative in this case, so that R^ increases as C increases. 
Therefore, it is clear that the temperature at which the concentration dependence of 
<R^> changes its sign can be roughly defined as the Flory ©-temperature. 
Figure 4.3.10 shows the concentration dependence of the LCST for PVCa in 
water, which is actually the phase diagram of PVCa in water in the very dilute 
regime, where each LCST was determined from the temperature at which both <i^h> 
and <I> increase sharply. Figure 4.3.10 clearly shows that the LCST of the PVCa 
chains in water is not strongly dependent on the concentration when the solution is 
very dilute. 
4.4 Conclusion 
Poly(7V-vinylcaprolactam) (PVCa) synthesized by free-radical polymerization in 
bulk has a higher molar mass in comparison with that obtained in solution. Our laser 
light scattering (LLS) results showed that the average radius of gyration {<Ro>) and 
J、 
translational diffusion coefficient (<Z)>) can be scaled to the weight average molar 
mass (Mw) by <Ro> = 2.94 x lO'^Mw^ ' '^ and <D> = 7.93 x Water at 25 
°C is a good solvent for PVCa. Moreover, we demonstrated a novel method to 
estimate the ©-temperature. The lower critical solution temperature (LCST,〜31.5 
°C) of the PVCa chains in water determined in this study is close to the shrinking 
temperature of the PVCa hydrogel. The LCST is nearly independent on the PVCa 
concentration in very dilute regime. The thermal sensitivity and biocompatibility of 
PVCa make it a potential biomedical material. 
J、 
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Stabilization and destabilization of potassium persulfate (as an 
initiator) in an surfactant - free water / acetone mixture emulsion 
polymerziation of styrene under microwave irradiation 
5.1 Introduction 
Emulsifier-free polymerization (EFP) has received much attention because of its 
practical as well as academic interests.[i，2] The resultant colloidal particles could be 
characterized by a narrow size distribution, a 'clean' surface, and an excellent surface 
chemical feature, such as adhesion and water resistance. Narrowly distributed latex 
particles in the size range 100 nm - 5 /nn can be routinely prepared.[3，4,5] However, it 
is diff icult to prepare surfactant-free polymeric nanoparticles in the size range 10-100 
nm with a high polymer content because small particles have a strong tendency to 
coagulate with each other in dispersion. Therefore, the preparation of stable 
surfactant-free polymeric nanoparticles with a high polymer content is a long 
standing challenge in colloid research. 
Generally, the stability of an emulsifier-free latex dispersion produced via a 
persulfate initiation increases as both the charge density and the hydrophilicity of the 
particle surface increase. Therefore, the following approaches are often adopted to 
improve the stability: (1) using a water-soluble initiator; (2) increasing the monomer 
solubility in the disperse phase; (3) copolymerizing monomer with another 
hydrophilic monomer or surface-active functional monomer; and (4) adding a water-
soluble organic solvent into the aqueous phase.⑴ According to the DLVO theory, the 
total pair interaction between colloidal particles consists of two parts: the Coulombic 
J、 
interaction and the Van der waals interactions. The sulfate groups generated from the 
initiator decomposition are covalently bonded to the polymer chain ends and located 
on the particle surface. The existence of these ionic groups affect not only the 
electrostatic stability but also the particle size.[6，7] On the one hand, the increase of 
the initiator concentration can increase the stability because more ionic groups acted 
as stabilizers are available[8]. Q^ the other hand, the existence of the ionic groups and 
counter ions can decrease the stability because of the increase of the ionic strength 
and the compression of the electrostatic double layer on the particle s u r f a c e . [9，！。] 
Recently, we have established a simple scaling between the particle radius (R) 
and initial monomer/surfactant weight ratio (^ monomer/^ surfactant) for microemulsion 
polymerization; namely,"" 
sR o c 。 — (5.1 .1) 
^^ urfactant 
where ^ is the surface area stabilized per surfactant molecule in which the ionic 
strength can be regarded as a constant because a large amount of ionic surfactant was 
presented in the dispersion. However, in the emulsifier-free polymerization, no 
surfactant is added. We should be able to use Eq. (5.1.1) for emulsifier-free 
polymerization i f considering s^urfactant as the weight of stabilizers, regardless of the 
nature of the stabilizer. 
The emulsifier-free emulsion polymerization of styrene in a water/acetone 
mixture has been investigated.[12] Acetone is miscible with water and styrene but a 
nonsolvent for polystyrene. When the acetone content is lower than 40 vol %, stable 
emulsion could be prepared and the polymerization rate was remarkably increased in 
comparison with the one in pure water. Fitch[6] proposed that the number of the 
particles increases as the initiation rate increases whereas it decreases as the radical 
capture rate increases. They found that the particle size decreased from 0.5 to 0.17 
42 
^ when the acetone content increased from 0 to 40 vol %. In this study，the mixed 
solvent method was combined wi th the novel microwave irradiation polymerization 
method recently developed in our laboratory^^^^ to prepare emulsifier-free narrowly 
distributed polymeric nanoparticles. 
5.2 Experimental Section 
Sample preparation. Styrene monomer was purified by a standard p r o c e d u r e ^ . 
Analytical grade potassium persulfate (KPS, from Merch), acetone and sodium 
chloride were used without further purification. Deionized water from a Mill ipore 
Nanopure water system with a resistivity of 18 MQ-cm was used in all the 
experiments. 
A modified domestic microwave oven (Whirlpoor-Vip 20) wi th a double 
emission at 2450 MHz and a maximum output power of 900 W were used. A 250 mL 
four necks flask was assembled inside the oven for the polymerization. The center 
neck was connected with a water reflux condenser and a co-axial glass stirrer. The 
other three necks were used for a nitrogen inlet, an in-situ sample drawing and an 
inserted thermometer, respectively. The experimental setup used for the microwave 
polymerization of monomer is shown in Fig. 5.2.1. The reaction mixture (150 g) with 
a proper composition were weighted into the reaction and was bubbled with nitrogen 
for 〜15 minutes at room temperature. The reaction mixture was then exposed to the 
microwave irradiation to start the polymerization and the stirring speed was kept at 〜 
300 rpm. The reaction temperature (63 土 1。C) was reached within two minutes and 
maintained by adjusting the microwave power. 
A small amount of the dispersion was collected at different reaction stages. Part 
of the collected sample(〜0.02 g) were diluted immediately with cold deionized water 
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(〜20.0 mL) to stop the reaction. Then a few drops of sodium chloride solution 
0.20 g) were added to screen out the long range electrostatic interaction before laser 
light scattering measurement. The sodium chloride concentration was kept at 0.01 M 
so that no effect on the resultant particles was observed even after a long time. The 
rest of the collected sample was dried and weighed to give the polymerization yield at 
different reaction stages. 
Laser Light Scattering. A modified commercial spectrometer (ALV/SP-125) 
equipped with a multi-x digital time correlator (ALV-5000) and a solid-state laser 
(ADLAS DPY425II, output power〜400 mW at 532 nm) was used. The principle 
of LLS can be found d s e w h e r e [ i 5 ] . In dynamic LLS, the hydrodynamic radius 
and the particle size distribution {f{R^)) were determined from the measured time 
correlation function. In this study, all the LLS measurements were conducted at 25.0 
土 0 . 1 
5.3 Results and Discussion 
In Figure 5.3.1, both dynamic laser light scattering and tranmission electron 
microscopy results reveal that the particles prepared in the water/acetone mixture are 
not only small, but also narrowly distributed. Figure 5.3.1 also shows that the removal 
of acetone from the resultant dispersion by vacuum distillation has no effect on the 
particle size distribution. Note that no surfactant was added in the dispersion and the 
resulted nanoparticles are stable with a fixed particle size distribution over months. In 
order to investigate the effect of composition of the water/acetone mixture, the 
monomer and the initial KPS concentration on the size distribution of the resultant 
nanoparticles, a series of copolymerization were conducted. 
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Figure 5.3.2 shows that under the microwave irradiation, the rate of 
polymerization decreases as the acetone content increases, contradicting to what has 
been reported by Okiibo[i2] for surfactant-free emulsion polymerization of styrene 
under conventional heating; namely, they found that the conversion rate increased as 
the acetone content increases until it reached 〜40 vol % and they attributed the 
increase of the conversion rate to the stability of both styrene and oligomeric radicals. 
In our case, only water molecules were "heated" by microwave. Therefore，the 
heating efficiency decreases as the water content decreases, so that the conversion rate 
decreases as the acetone content increases. However, it should be noted that for the 
same acetone content, the microwave irradiation always led a fast conversion rate 
than the conventional heating. 
Figure 5.3.3 shows the decrease of the particle size as the acetone content 
increases by up to 〜50 wt % acetone. The same tendency was also reported for the 
surfactant-free emulsion polymerization of styrene in a water/methanol mixture by 
Homola[i5] and in a water/acetone mixture by Okubo.n^] Homola[i5] showed a small 
size decrease from 0.6 j jm to 0.5 jum as the methanol content increased from 0 to 100 
vol o/o, whereas Okubo[i2] reported a size decrease from 0.5 jum to 0.17 / jm as the 
acetone content increased from 0 to 40 vol %. Our results showed that under the 
microwave irradiation, the decrease of the particle size was much more, down to 〜70 
nm when the acetone content is 50 wt %• Note that the addition of 10 wt % acetone 
into water resulted in a sharp decrease of<i?h> from 278 to 121 nm. Further increase 
of the acetone content led to a linear decrease of <i?h> as shown in Figure 5.3.3. For 
the acetone contents higher than 50 wt %, the particle size started to increase and the 
size distribution became broader, which was attributed to the nucleation of the 
polymer particles at the initial stage of the polymerization.[⑵ 
J、 
Figure 5.3.4 shows that the average hydrodynamic radius <i^h> of the resultant 
nanoparticles is a linear function of the monomer concentration, similar to the case of 
the emulsion polymerization of styrene in the presence of surfactant under the 
microwave irradiation.⑴]Considering the ionic groups generated by KPS as 
stabilizers, we know that for a given dispersion, each stabilizer can stabilize a certain 
area of particle surface (^*).…]For a given CKPS, the total surface area can be 
stabilized is a constant. Therefore, when more monomers are added, the particle size 
has to increase in order to keep the total surface area covered by the ionic groups to 
be a constant. 
！ , 
Figure 5.3.5, on the other hand, shows the decrease of the average hydrodynamic 
radius <Rh> of the resultant nanoparticles as the KPS concentration increases when 
CKPS < 8 X lO""^  g/mL. It is understandable because for a fixed Cstyrene, more KPS 
molecules can lead to more ionic groups and stabilize more surface so that <Rh> 
decrease. Further increase of the KPS concentrations leads to an increase of <Rh> 
because the decomposition of KPS increases the ionic strength of the dispersion so 
that the effective area protected by each ionic group decreases, resulting in an 
increase of the particle size. Figures 5.3.4 and 5.3.5 show that <Ru> is a complicate 
function of the KPS concentrations. 
Figure 5.3.6 shows a re-plot of Figures 5.3.4 and 5.3.5. Note that for the curve 
AB, CKPS used is lower than 2.39 x 10'^  g/mL used in the line AC. Also note that for 
a given Cstyrene/Qcps, the curve AB has a smaller <i?h> than the line AC. It is clear that 
the size of the resultant nanospheres depends not only on the ratio of Cstyrene/Cicps, but 
also on the initial KPS concentration. Therefore, we have to introduce an effective 
surface {s) stabilized by each ionic group generated by KPS. 
The surfactant-free emulsion polymerization of styrene consists of two stages.⑶ 
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In the first stage, a large number of micelle-like oligomeric particles are generated. 
As propagation continues, these oligomeric particles gradually lose their stability and 
undergo interparticle coagulation near the end of the first stage. The interparticle 
coagulation is resulted from (1) the dramatic decrease of surface charge density as the 
length of individual polymer chains within the particle increases and (2) the high 
surface-to-volume ratio. In the second stage, the number of the particles decreases as 
a results of the significant initial interparticle coagulation. Accordingly, the surface 
charge density gradually approaches a constant, sufficiently high to prevent further 
coagulation, at which (s) = with R and n being the average particle radius and 
the average number of polymer chains within a stable particle, respectively, and n 二 
A^A[(4/3)7xi?V]/M)hain, wherc tVa, P and Mchain are Avogadro's constant, the average 
particle density, and the average molar mass of the polymer chains inside the particle, 
respectively. In this case, we have assumed that each polymer chain within a given 
polymer nanoparticle carries a unit charge. Further, Mchain is proportional to the Fleet 
ratio, the macroscopic weight ratio of monomer to initiator, i.e., Mchain 
妒monomer/妒KPS. Therefore, sR oc which is identical to Eq. (5.1.1) i f we 
initiator 
consider both surfactant and the ionic groups generated by KPS as stabilizers. 
On the other hand, i f the initiator concentration varies, s w i l l not be a constant 
because the ionic groups generated by the initiator increases the ionic strength (I) of 
the dispersion and reduces the electrostatic repulsion so that the effective surface area 
stabilized per ionic group on the particle surface decreases. Therefore, the ions 
generated by KPS act as both a stabilizer and a destabilize!. It is known that the 
」 
Debye length ro is proportional to or ro^ cc cc ^initiator'^ The effective s should 
be sJiX^k'I) , where is a constant and s。is the surface area stabilized per ionic 
J、 
group a t / - > 0. Therefore, we have 
_ _ ^ _ _ _ 二 m^onomer + 众� ( 5 . 3 . 1 ) 
A : j ( l + k j l ) ^sur factant 
where fe and h are constants. 
Eq. 5.3.1 shows that when the KPS concentration is low, the stabilization 
effect is dominant so that the particle size decreases as the KPS concentration 
increases; while as the KPS concentration is high, the destabilization effect becomes 
dominant and the particle size increases as the KPS concentration increases. Our 
previous study shows that for a given monomer concentration, <R\,> linearly 
increases as 炉KPS increases,[丨〕�i.e., <i^H> 工妒K P S . Recently, Sarah also suggested that 
<Rh> increases as WKPS increases.[i6] ^ ^ 5 .3 .1 can be rewritten as 
R = k, ^ ^ + 響 _ + W n - 。 r + Kk, (5.3.2) 
initiator 
For a given Wmomm.r, Eq. 5.3.2 predicts that R cc ini t iator i f ^initiator is higher, but R cc 
- i f /^initiator is low; on the other hand, for a given i^ initiator, R ^ )^ monomer as 
妒 ini t iator 
shown in Figure 5.3.4. 
Figure 5.3.6 also shows that for points B and D, i f adding a proper amount of 
sodium sulfate salt to make the ionic strength the same as used in the straight line, 
the average hydrodynamic radius of resultant nanoparticles increases to C and E, 
respectively. It clearly shows that the ionic strength can greatly influence on the 
particle size. Therefore, in order to synthesize small nanoparticles, we have to keep 
the ionic strength of the dispersion media as low as possible. The addition of acetone 
certainly lowers the ionic strength. In order words, the size of the resultant particles 
can be accurately controlled simply by adjusting the ionic strength of the reaction 
mixture before polymerization. 
J、 
Figure 5.3.6 also shows that for a given Cstyrene/CKPs, the average hydrodynamic 
radius for the points on the curve AC can be depressed to AB by addition of a proper 
amount of water so that the initial KPS concentration of the diluted reaction mixture 
are the same as those on the curve AB. It can be seen that the <Rh> values for the 
points F and H can be depressed to G and I respectively. In these cases, the <Rh> 
values for the points after the dilution are close to the curve AC as a result of 
decrease of ionic strength by dilution. 
Figure 5.3.7 shows the Fleet ratio 妒STYRENE/炉KPS dependence of the average 
hydrodynamic radius <Rh> at three initial KPS concentrations. The hydrodynamic 
radius <Rh> is proportional to the Fleet ratio for CKPS is fixed. It can be seen that the 
少-intercepts of these three lines also slightly increase with the initial KPS 
concentration as expected from Eq. 5.3.2. Furthermore i f the Fleet ratio is fixed, then 
the average hydrodynamic radius <Rh> of the synthesized nanoparticles increases 
with increasing the initial initiator concentration CKPS- This phenomenon can be 
explained by considering the destabilizing effect of KPS. Eq. 5.3.2 shows that 
<Rh> ^ ^styrene/^KPS 
<i^h> 二 M(妒styrene/f^ KPS) + C (5.3.3) 
C 二 A：!fe s^tyrene + fefe炉KPS + h h 
in which C is a collection of constants. Since the slopes of the three lines in Figure 
5.3.7 increase with initial KPS concentrations, therefore ki should depends on CKPS at 
high concentration regime as follow: 
yh 二 y^oe-〜 (5.3.4) 
where ko is the effective surface area stabilized by each ionic group without KPS, k\ 
is the effective surface area stabilized by each ionic group at ^kps,众，is a constant. 
Figure 5.3.8 shows a replot of Fleet ratio (^styrene/^kps) dependence of the 
J、 
average hydrodynamic radius <Rh> at three initial KPS concentrations (CKPS) taking 
into account the effective surface area h . Also shown in this graph is the <Rh>丨h 
values calculated from the init ial KPS concentrations. It can be seen that both the 
experimental and calculated <R\,>/kx values converge to form a straight line. This 
further support that the average hydrodynamic radius <R\,> o f the nanoparticles 
synthesized via microwave irradiation predicted from Eq. 5.3.4 and Eq. 5.3.3 is close 
to the experimental value. 
Figure 5.3.9 shows that the Fleet ratio dependence of average hydrodynamic 
radius <i^h> for two initial styrene concentration. It can also be explained 
qualitatively by Eq. 5.3.2 derived from our model. For Cstyrene 二 4.02 x 10'^ g/mL, on 
increasing the initial KPS concentration, the <R\,> values do not change unti l the 
Ckps is beyond a threshold concentration, whereas for curve AB , the <R\,> is first 
decrease and then increase on incresing CKPS- For CSTYRENE 二 4.02 x 10^ g/mL, the 
monomer concentration is so high that the second term of Eq. 5.3.2 is dominant. 
Consequently, the effect of R ^ 1/initiator and R cc initiator cancel w i th each other, 
and thus the <Rh> values have no significant change on increasing the CKPS initially 
and the stabilization effect cannot be observed. 
Figure 5.3.10 shows how the hydrodynamic radius <Rh> of the synthesized 
nanoparticles depend on the composition of the monomers used, where HIMMA and 
mstyrene are the weight of methyl methacrylate and styrene used, respectively. Both the 
solvent composition and the initiator amount are fixed as Figure 5.3.5, i.e. 
macetone/mwater 二 1 and HLKPS 二 0 . 4060 土 0 .0005 g. For NIMMA/mstyrene 二 the <Ru> 
value of the resulted nanospheres is 35.0 nm. Then their size decreases significantly 
to 20.0 nm which is close to the size synthesized with the presence of surfactant wi th 
merely a slight increase of himma used. It can be noted that the <i^h> values of the 
J、 
resulted nanospheres dropped by -50 % at very low niMMA/mstyrene value. It indicates 
that M M A in this reaction can not only act as monomer, but also as an internal 
surfactant. In other words, the size of the synthesized polystyrene nanoparticles can 
be greatly suppressed by the presence of the M M A monomer. Further increase in the 
amount of M M A does not change the size of the nanoparticles much more. It should 
also be noted that the size of the nanoparticles is also quite steady over a large range 
of mMMA/msty rene values. Even though many attempts have been made to explain this 
phenomenon, the actual answer still remain unknown. 
5.4 Conclusion 
By combining the mixed solvent method and Microwave irradiation emlusion 
polymerization, we can prepared emulsifier free polystyrene nanoparticles which is 
characterized by good reproducibility, narrow distribution, small average 
hydrodynamic radius and good coagulation stability. The concentration of the EFL 
can be increased by removing the acetone from the polymer latex wi th no change to 
its particle size and distribution. The resulting concentrated polymer latex is stable 
over months. By considering the stabilization and destabilization effect of initiator, 
and the ionic strength of reaction mixture, we can establish a model which can 
successfully explain the effect of Fleet ratio, monomer and initiator concentration. 
Based on the results, it can be concluded that the ionic strength of the initial reaction 
mixture must be reduced as far as possible in order to prepared the emlusifier free 
polymer latex with small average hydrodynamic radius <Rh>- Therefore, small size 
nanoparticles can be obtained simply by restricting the initial ionic strength of the 
reaction mixture before starting the polymerization. Apart from this, the size of the 
resulted emulsifier free polymer latex can also be depressed significantly by 
copolymerization of styrene with methyl methacrylate (MMA) which is believed to 
J、 
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Fiaure 5.2.1 Modified domestic microwave oven ( \\'hirlpoor-VIP20} for emulsion 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.l Static laser light scattering (SLLS) 
A.1.1 Scattering from a small particle 
The electromagnetic wave interacts with the particles in its path way, they to produce 
an oscillation in their electronic field with the same frequency of incident wave. 
However, the particles perform as an second oscillating source which irradiate to all 
directions. The particles were assumed to be optically isotropic wi th polarizability a, 
and the particles are in vacuum and have very small dimensions than the wavelength 
入0 of incident light (d«Ay20) . Then intensity of the scattered light is found to be 
I - 16冗4a2 ( 1 1 ) 
i s - r ^ x t 。 、 
where 1。and r are the intensity of the incident light and distance from the particle to 
the detector respectively. In our discussion, both incident light and scattered light are 
vertically polarized. A variable, Rw, is more commonly used and is defined as 
R 二 = (A1.2) vv I � 入t 
where the first subscript 'v ' means the incident light is vertically polarized and the 
second subscript ‘V，means the scattered light is also vertically polarized. It is called 
the Rayleigh ratio because it is defined by Rayleigh. Rw is a constant for a given 
particle in the same experimental condition. 
J、 
A.1.2 Scattering from a large particle 
The dimensions of a particles are comparable to the wavelength o f the incident light 
(d >Xo/20), the particle can be treated to contain n scattering points which have the 
same polarizability cco (a = na。）and are much smaller than Then the electric field 
o f the scattered light at the detector is the vector sum of that of individual scattering 
points as shown in Figure A 1.1. They arrive at the detector wi th different phases and 
there always exists an destructive interference except the detector is placed at zero 
angle. The Rayleigh ratio for the whole particle is 
Rvv 二 ^ ^ 2 : 2 : c o s ( c p r c p j ) (Al-3) 
where cpi and cpj are the phase difference of the light wave scattered by ith and j th 
scattering points wi th respect to some reference wave. I f the particle is very small, cpi 
and cpj are the same so that eq. (A1.3) is reduced to eq. (A1.2). According to Figure 
A1.1, the path difference of light scattered by two scattering points is 
Aij = A j - A i 二 (a + k p . r i j + b - k s . r i j ) - ( a + b) 二 k . r i j (A1.4) 
where kp and ks are unit vectors along transmitted beam and along scattered beam 
respectively, r i j is the position vector from point i to point j and the vector k 三 ks-kp 
and |k| 二 k 二 2sin(0/2). The phase difference of the two scattered beams is related to 
Ay as 
(pi - (pj = 27iAij从0 (A1.5) 
Combining eqs. (A1.3 to A L 5 ) and averaging cos((pi - cpj) for all orientations of the 
position vector ry wi th respect to the vector k due to the fact that the orientation of 
the particle changes randomly with time, we obtain 
J、 
ISn'^a^ n n sinqr：： 
R ^ ^ . i ^ E E - - ^ (A1.6) 
入。 i= l j= l qry 
where q is the scattering vector (4Tisin(0/2)/X). It is obvious that Rw is a function of 0 
and it becomes a constant (Ro： for all particles of the same polarizability 
irrespective of their size near to zero angle. 
Particle scattering factor, P(6): A function P(6), namely particle scattering factor, is 
defined as 
R 1 " ^s inqry 
P(e) 二 t 二" tZI：^；；^^ (Al-7) 
n i=ij:i qry 
eq. (A1.7) can be expanded into a Taylor series and we only keep the first two terms 
in the expansion owing to small value of qry, the expression is then changed to 
m = (A1.8) 
6n i=i j=i 
As ry is related to the radius of gyration in the following expression 
n n 
Z Z r ? = 2 n 2 R | (AL9) 
i= l j二 1 
Combining eqs. (A1.8) and (A1.9) yields 
2 2 
(ALIO) 
I f p(e) is measured at different q, Rg can be easily obtained. It should be noted that 
the size of particles measured by static laser light scattering is an absolute method 
that requires no calibrations. We wi l l see that the size of particles can also be found 
by dynamic laser light scattering without calibration. 
J、 
A.1.3 Scattering from solutions of small molecules 
When we only interested in the properties of solute molecules in the solution, we 
only consider the light scattered from the source of the fluctuation of concentration of 
solute molecules in the solution. The fluctuation of dielectric constant which can 
related to the fluctuation of concentration is expressed by 
ds dn , dn。 ，a i 11、 
5s = 5c 二 2 n v " S c ( A l . l l ) 
dn dc dc 
The fluctuation of concentration is related to thermodynamic terms. 
(5c . ) ' ^ ( A 1 . 1 2 ) 
where |li, chemical potential; (|)，volume fraction; c, concentration; M , molar mass. 
The subscript 2 refers to the solute molecules. Combining eqs. ( A l . l l ) and (A1.12) 
‘ into fol lowing eq. (A1.13), which gives the Rayleigh ratio arisen from the fluctuation 
of concentration 
二 冗2 V ( 5S ) 2 1 3 ) 
丄YYV A 4 入0 
where V is the volume of a subregion. 
一 47xVM2( | ) i | ^生 )2 kT 
4 U c J • 
where K = . I f the solution is dilute enough, we can assume that the 
light scattered from a solution is composed of anisotropic scattering and density 
scattering from the solvent, and scattering by the fluctuation of solute concentration 
c. Therefore, in the experiment, the measured Rw, solution have to be subtracted by 
Rvv，soivent SO that the difference consists only the part from the fluctuation of 
concentration. The difference is called excess Rayleigh ratio ARw. After replacing 
J、 
the derivative of chemical potential by its virial expansion 
- R T ^ ( 1 + 2A.MC+. . . ) (A1.15) 
\ d c J p j c 
we get after rearrangement, 
念 4 + 2A2C (A1.16) 
Kc/ARvv is plotted against c where ARw is measured in different concentrations in the 
experiment, then M and A2 are calculated from the y-intercept and slope respectively. 
A.1.3.1 Scattering from polymer solution 
Polymers are normally large compared to the wavelength of the light used. The 
particle scattering factor mentioned in section (A1.2) have to be introduced in eq. 
(A 1.16). Here we get 
+ (A1.17) 
ARvv MV ^J z 
where ?(0)"^=1 /(1 -q^Rg^/3)«1 i f q^Rg^ « 1. In polymer science, it is 
common to treat polymers as polydisperse species. Therefore, eq. (A1.17) should be 
modified to 
= — l + +2A2C (A1.18) 
ARvv ^ V 2 
where M w , � R ^ � ? , � (or simply <Rg>) and A2 are weight-average molar mass, root 
mean square z-average radius of gyration and second virial coefficient respectively. 
Eq. (A1.18) has three variables, Kc/ARw, q^ and c，which can be plotted in a xy plane 
by the means of Zimm plot. By measuring ARw in a set of q and c, we can plot 
Kc/ARvv versus q^+Pic where Pi is a adjustable constant which makes the plot more 
nice. From the plot, Mw is just the intercept [Kc/ARw]c->o, q—0. Rg and A2 can be 
obtained from the slope of the lines of the plots [Kc/ARw]c—o versus q" and 
J、 
:Kc/ARvv]q~>o versus c respectively. 
A.2 Dynamic laser light scattering (DLLS) 
In fact, the frequency of scattered light is slightly higher or lower than the 
original incident light according to whether the scattering particles move towards or 
away from the detector (the Doppler effect). In other words, the scattered light 
frequency is slightly broader than that of the incident light. It is very difficult to 
detect this extremely small frequency broadening (〜10) Hz in comparison with the 
incident light frequency 〜lO 5^ Hz) in the frequency domain by optical system, but it 
can be effectively transformed from time domain by measuring an intensity-intensity 
time correlation function G(2)(t，q).2，4 
When the scattering molecule is undergoing Brownian motion, the position 
vector r is a function of time and a random variable and Es has a randomly modulated 
phase. The scattered light is broadened in frequency with an optical frequency 
distribution S(co) as illustrated in Figure A2.1(a). Since the particle motion contains 
no preferred direction, the spectrum contains a continuous distribution of frequencies 
centered around cOq. The correlation function of the electric field G⑴(t) is also a 
measure of the frequency distribution and contains information on the molecular 
motion. It is the Fourier transform of the power spectrum S(co广9 
G(i)(t) 二〈E;(0)Es(t)〉 （A2.1) 
where〈) denotes a time or ensemble average and t is the correlation time 
= J;^G(i)(t)e-i①tdt (A2.2) 
2 71 u 
An illustration of a scattered optical spectrum and its normalized electric field time 
J、 
correlation function is shown in Figure A2.1(a) The broadening of the Rayleigh-
scattered light spectrum contains information on the motion of the scattering 
molecules. 
The normalized electric field correlation illustrated in Figure A2.1(b) is 
G⑴⑴ 
g ⑴ ⑴ = 絲 （A2.3) 
. I n terms of amplitude and phase time dependence 
g⑴⑴ 二 e-i⑴。t〈A* 綱:)〉(e-iq.[r(t)-r(。)丨 \ 二 e - 。 、 ⑴ C “ t ) (A2.4) 
〈1 _ |〉 
where A(t) is the scattering amplitude per molecule and CA© and Cv/t) are the 
amplitude and phase correlation functions. For small molecules (radius R « q"^) or 
spherical molecules the amplitude part of the autocorrelation function becomes 
〈A*(0)A(t)〉 
( iA(o) r ) 
Then g⑴(t) carries information on the translational diffusion coefficient D through 
Cv/t). This is related to the intermediate structure factor Gs(r,t), which is the 
probability of finding a particle at position r at time t i f it was at the origin at f 二 0. 
C^( t ) 二〈e-'q.卜⑴-r(o)l〉二 {Gs(r,t)e—'q.rd^r (A2.6) 
where q [= ( 4 7 m A o ) s i n ( e / 2 ) ] is defined before, the difference between the wave 
vectors of the scattered and incident waves, ni is the medium refractive index. For 
spherical identical scatters undergoing Brownian motion in solution 
g⑴⑴二 ⑴。t (A2.7) 
J、 
The associated optical spectrum is 
Q , 、 〈Is〉Dq2/冗 
S(co) = ； ^ (A2.… 
(①-① 0) + ( D q ” 
• 2 
which is a Lorentzian function centered at cOo with a halfwidth Dq • 
The translational diffusion coefficient D may be related to the molecular 
friction factor/through the Stokes-Einstein relation 
D = y (A2.9) 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
For a hard spherical with a radius of R, f 二 67iriR, where r] is the viscosity of the 
solvent. For a polymer coil, R is replaced with its hydrodynamic radius Rh, so that 
D 二 kT (A2.10) 
67111 • Rh 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
The scattering intensity is reduced by intramolecular interference i f the 
molecular size is not much less than q ] . For molecules with size 〜1/q, the scattered 
intensity Is proportional to the particle scattering factor P(e), For any shape of 
particle at small scattering angles, P(e) = 1 - qRg / 3 where Rg is the radius of 
gyration. I f the molecule is not small and is not spherical or optically isotropic, then 
rotational diffusion wi l l contribute a time dependent scattering amplitude; also for 
flexible molecules intramolecular dynamics gives a similar contribution. 
A.2.1 Line-width measurement 
The scattered light intensity is proportional to the square of the time average of the 
electric field 
J、 
Scattered intensity 二 仏〉oc (|Es|)^ 
(A2.13) 
where〈〉denotes the time average. In order to measure the very small optical line-
width generated from the frequency broadening of the optical spectrum, optical 
mixing techniques are employed. There are two basic forms of optical mixing: 
heterodyne and homodyne (self-beat). By heterodyne mixing we refer to mixing the 
scattered light with a reference light wave (local oscillator) unshifted or shifted in 
frequency from the incident light beam. In self-beat optical mixing the scattered wave 
is not mixed with a reference signal but is directly detected. Here we just consider 
the theory of self-beat detection. In self-beat detection the intensity autocorrelation 
function is determined as 
G(2)(t) 二 l im ^ 厂丁1“0)1“_ (A2.14) 
T—00 2 丄-1 
It is the Fourier transform of the power spectrum and is readily measured by digital 
techniques. The normalized form of G(2)(t) is 
〈E;a))Es(0)E;(t)Es(t)〉 g( )(t) = — ^ (A2.15) 
〈Is〉 
With some restrictions (such that the scattered field is a Gaussian random process), 
the correlation functions g⑴(t) and g(2)(t) are connected through the Siegert relation 
g(2)⑴= i + |g ⑴⑴ |2 (A2.16) 
Experimentally in self-beat dynamic light scattering the intensity autocorrelation 
function is measured as 
g(2)⑴二 A[l + p | g⑴⑴门 （A2.17) 
J、 
Here A is a measured base line and (3 is a geometric factor dependent on the 
coherence of detection.^^ The detector has an average photocurrent ( i) which is 
proportional to the average light intensity (i) cc (Is). Since the scattered light is 
normally at low level and in the form of discrete photon pulses, the scattered signal 
and hence correlation function is most usefully recorded using digital photon 
detection. In terms of photon counts 
g ( 2 )⑴二 ^ i n 〜 p ( A 2 . 1 8 ) 
〈n〉i二 1 
where t = pAt, At 二 channel width, N 二 number of correlation channels and (n) 二 
average number of photons counted in time At. 
A.2.2 Data analysis 
In the case of polydisperse systems the general form of the time correlation function 
is the Laplace transform of a line-width distribution function G(r) 
g ⑴ ⑴ 二 Jo①G(r)e-「tdr ( A 2 . 1 9 ) 
I f the relaxation is diffusive, knowledge of G( r ) allows the molar mass on particle 
size 
distribution to be derived. The line-width T usually depends on both C and 0. This 
dependence can be expressed as^ "^ '^ ^ 
+ k , C ) ( l + f R ^ q ' ) (A2.20) 
q 
where D is the translational diffusion coefficient at C 二 0 and q = 0，f is a 
dimensionless number, and kd is the diffusion second virial coefficient. The value of 
f depends on the chain structure, polydispersity, and solvent quality. Both 
75 
thermodynamic and hydrodynamic interactions contribute to kd, which can be further 
expressed as^^ 
kd 二 2A2Mw-CDNAR3h/Mw (A2.21) 
where Cd is an empirical positive constant. 
CONTIN, a general purpose and flexible computer program of inverting 
DLLS data has been deve loped�？ This has been widely applied in DLLS studies 
wi th excellent results for DLLS data having low noise. The program contains 
safeguarding constraints to avoid the ill-posed nature of the inversion. An early 
method of analysis was based on a cumulant expansion of the correlation function 
18,19 
l n | g ⑴ ( t ) | + ^ 似 2 - 去 + • [^M - 3 d t 4 + ….. 
(A2.22) 
00 一 严 
m=i m ! 
p. — 
where k ^ = ( - 1广 ⑴⑴| is the m'^ cumulant o f g⑴⑴ and 
dt 丄 . 
^ t=u 
J^ i 二 J"o》(r - F) 1 G ( r )dr . Equation (A2.22) may be fitted by a least squares routine to 
the correlation function and values for ^13,…obtained. The average width 
r /—2 
f 二 ① r G ( r ) d r is the mean relaxation time. The variance is , where 
二 J"o①(r 一 r ) ^ G ( r ) d r . For low q, qR < 1 and F 二 Bq�，where D is a z-average. 
J、 
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Figure A.2.1 (a) Illustrate of an optical spectrum of scattered light; and (b) electric 
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